Protein kinases control Golgi function in both mitotic and interphase cells. In mitosis, phosphorylation of structural proteins by Cdk1 (cyclin-dependent kinase 1)-cyclin B, Polo-like and mitogen-activated protein kinases underlie changes in Golgi reorganization during cell division. While in interphase, signalling pathways that are associated with the Golgi control secretory function through a variety of mechanisms. Some of these, notably those involving protein kinase D and Ste20 family kinases, are also relevant for the establishment and maintenance of cell polarization and migration.
Introduction
Cell growth and division requires the synthesis and delivery of membranes and proteins to numerous destinations within the cell, and thus depends on the function of the secretory pathway. Membrane lipid and secretory protein biosynthesis is compartmentalized to the ER (endoplasmic reticulum) of eukaryotic cells, and the Golgi receives the secretory output of the ER for further post-translational modification and sorting of proteins and lipids [1] . The enzymes involved in post-translational modifications are spread throughout the Golgi, related to the order in which they act upon their substrates. Sorting functions, meanwhile, are compartmentalized at the CGN and TGN (cis-and trans-Golgi network respectively). ER and CGN sorting functions are generally associated with quality-control mechanisms for the correct assembly and folding of proteins [2] , while TGN sorting is required for separation of cargo molecules destined for different cellular compartments, such as the plasma membrane and endocytic pathways [3] . Here we will discuss the kinases responsible for controlling Golgi function in mitotic and interphase Cyclins B1 and B2 Rab1, GM130, GRASP65
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Mitotic regulation [19] MEK1 [87, 88] Plks as modulators of Golgi disassembly Several studies have proposed the involvement of both the mammalian Plk1 and the MAPK (mitogen-activated protein kinase) pathways in the phosphorylation of structural Golgi proteins [17, 19] . Significantly, the two substrates identified are both members of the GRASP family, GRASP65 at the cis-and GRASP55 at the medial-Golgi [13, 20] . A screen for substrates of Plk1 in mitosis identified GRASP65, and a subsequent report demonstrated that a dominant-negative form of Plk1 or depletion of Plk1 from mitotic extracts could inhibit Golgi fragmentation in vitro [21] . Introduction of various GRASP65 constructs to an in vitro mitotic Golgi fragmentation assay significantly reduced the initial phase of Golgi dispersal [21] . However, Plk1 alone was not sufficient to initiate mitotic Golgi disassembly, suggesting that Plk1 acts through additional components absent from this assay. Consideration of the complex regulatory mechanisms of Plks [22] suggests that one such component could be Cdk1-cyclin B. A key step in Plk activation is the binding of phosphorylated docking partners to its phosphopeptide-binding polo box domain, which shows a strong preference for a motif related to that phosphorylated by Cdk1-cyclin B [23, 24] . Whether or not Plk1 has any docking partners at the Golgi is currently unknown, but since spatial regulation through docking proteins is thought to be critical for the action of Plk1 at other structures in mitosis, it seems possible that such proteins exist at the Golgi.
Another recent report has investigated the relative roles of Plk1 and Cdk1-cyclin B further [18] . Despite the fact that GM130 and GRASP65 are in vitro substrates of Cdk1-cyclin B and Plk1, micro-injection of a recombinant Cdk1-cyclin B complex into cells caused a dramatic increase in Golgi dispersal, whereas Plk1 did not stimulate fragmentation at all. In contrast with this, both kinases exhibit the same potential to unstack Golgi cisternae in vitro [18] , and thus may be promoting an initial step prior to complete mitotic Golgi disassembly. A possible explanation for this comes from the observation that GRASP65 can form oligomers under control or interphasic conditions, and that this interaction is abolished by treatment with mitotic cytosol, Cdk1-cyclin B or Plk1 [18] . Thus, in this in vitro assay, Plk1 appears to be a modulator of Golgi disassembly, possibly through control of cisternal unstacking, while Cdk1-cyclin B is absolutely required for cisternal unstacking and further fragmentation.
Other Plks have been proposed to exert some control over Golgi structure. Plk3, a serine/threonine protein kinase closely related to Plk1, has been found to localize to the Golgi through an interaction with the 400-kDa coiled-coil golgin, giantin [25] . Overexpression of wild-type and constitutively active forms of Plk3 can induce Golgi fragmentation in interphase cells, whereas a kinase-dead mutant does not have any effect. Plk3 also interacts with ERK (extracellular-signal-regulated kinase) 2 and MEK1 (MAPK/ERK kinase 1), and these kinases appear to be needed upstream of Plk3 for its activation [26] . However, it is unclear if this reflects a role of Plk3 in controlling Golgi structure during mitosis or some other cellular function, since Plk3 has been reported to function in the control of apoptosis [27] , a condition where the Golgi is also broken down into fragments [28] . Recently, the non-Plk family kinase MLK3 (mixed-lineage kinase) has been found to phosphorylate golgin-160 and to regulate its cleavage by caspases, suggesting that such regulation of the Golgi does occur during apoptosis [29] .
MAPKs and the initiation of Golgi fragmentation
As mentioned previously, MAPKs can phosphorylate Golgi structural proteins of the GRASP family [19] . Work from the Malhotra group has promoted the idea that, besides Cdk1-cyclin B and Plk1, MEK1 is a key regulator of early mitotic Golgi breakdown [30, 31] . In a recent publication, the activation of MEK1 by Raf1 was found to be required for mitotic Golgi dispersal in prophase [32] . Consistent with this, activated MEK1 was present on Golgi membranes in prophase, but not at later stages of mitosis. The regulatory pathway upstream of MEK1 may involve Raf1, since the auto-inhibitory domain of Raf1 causes a decrease in MEK1 activity, as well as a block in mitotic Golgi dissociation that could be reversed by the application of constitutively active MEK1 [32] . The same effects were also observed following the application of Raf1 kinase inhibitory protein, which inhibits Raf1-dependent MEK1 activation, and also Golgi complex fragmentation. Since the specific MEK1 antagonist PD98059, which binds to inactive MEK1 and prevents activation by upstream regulators such as Raf1, and depletion of Raf1 by siRNA (small interfering RNA) reduce the level of Cdk1-cyclin B activity (although not Plk1 activity) and prevent entry of cells into mitosis, these results therefore suggest that MEK1 may play a general role in mitotic entry, as well as a specific role in the initial stages of Golgi fragmentation.
In contrast with these observations, other publications give a different view regarding the necessity of MEK activity for Golgi disassembly in mitosis [12, 33] . Depletion or inactivation of MEK1 had no effect on Golgi fragmentation in an in vitro assay, while micro-injection of Cdk1-cyclin B complexes into mammalian cells caused the same amount of Golgi fragmentation, both in the presence or absence of the MEK1 inhibitors U0126 and PD98059. It was also reported that inactivation of MEK1 had no effect on the entry of mammalian cells into mitosis or on Golgi fragmentation [12, 33] , and it was therefore concluded that MEK1 activity was not required for efficient Golgi fragmentation at the onset of mitosis. Exactly why these differences were observed is unclear. The simplest explanation amenable to further study is that they may be due to technical differences, such as the concentrations of drugs or the cell types used. Another possibility is that MEK2 or other kinases take over some of the functions of MEK1, as proposed in an analysis of mek1 Ϫ/Ϫ mice that did not show defects prior to mid-gestation [34] . Further investigation will be needed to clarify these issues.
A direct link suggesting a role for MAPK signalling in Golgi fragmentation is the phosphorylation of GRASP55 [19] . ERK2, as well as JNK (c-Jun N-terminal kinase), has been reported to phosphorylate the Golgi matrix protein GRASP55 in vitro, generating an epitope for the anti-mitosis-specific phosphoprotein monoclonal antibody, MPM2 [19] . GRASP55 phosphorylation was inhibited by the application of U0126 both in vivo and in vitro, suggesting that MEK1 is acting upstream of ERK2. Furthermore, an antibody specific for ERK Kinases regulating Golgi apparatus structure and function 19 singly phosphorylated at Tyr 185 stained the Golgi as well as the nucleus during late G 2 and early prophase, similar to activated MEK1 [32, 35] . Overexpression of an activated mutant of MEK1, which in turn activates ERK1/2, caused a partial disruption of the Golgi. Surprisingly, this effect did not appear to require the kinase activity of ERK, but instead the presence of the phosphorylated tyrosine residue [35] . These authors therefore proposed that tyrosine phosphorylated ERK might have a structural role in organization of protein complexes that are important for protein trafficking and Golgi structure. How these findings relate to those of the Malhotra group is unclear [30, 31] , since cleavage of MEK1 by the anthrax lethal factor uncoupling it from its cognate MAPK substrates ERK1/2 [36, 37] does not prevent Golgi fragmentation [12, 31] . Additional substrates must therefore be crucial for the action of MEK1.
An organelle checkpoint in mitotic entry and Golgi fragmentation
In order to ensure high-fidelity inheritance of the genome, cells have evolved a mechanism, termed the spindle checkpoint, that ensures that progression through mitosis is coupled with attachment of chromosomes to the mitotic spindle and subsequent segregation. Sutterlin et al. [38] asked the provocative question of whether such a mechanism exists for organelles, specifically the Golgi. Micro-injection of an antibody against either GRASP65 or a C-terminal fragment of GRASP65 was able to firstly block Golgi fragmentation, and secondly to delay entry of the cells into mitosis [38] . These authors hypothesized that these effects were due to competing out of binding partners for GRASP65. In the first case, this may be self-interaction of GRASP65 itself, due to its role in Golgi structure [13, 18] , while, in the second case, it may be an unknown partner that contributes to the control of mitotic entry. Why should the Golgi serve as a trigger for proper entry into mitosis? One possibility is that such a checkpoint mechanism is needed to ensure that both daughter cells receive a complete Golgi after cytokinesis. On the other hand, the Golgi might serve as a scaffold for proteins that are required for regulating mitotic entry, which could be transported by Golgi fragments to their sites of action, or released from the Golgi and thus become activated. In this context, it is interesting to note that the kinase Myt1, a key negative regulator of Cdk1, localizes to the ER and Golgi in interphase mammalian cells [39, 40] .
Multiple kinases co-operate to determine the fate of the Golgi in mitosis
As a result of these findings, the models for Golgi fragmentation have to be revised to incorporate multiple kinases acting on multiple substrates (Figure 1 ). In summary, it appears that Cdk1-cyclin B is required to sustain Golgi fragmentation, while Plk1 and MEK1 may be required for the initial breakdown of the Golgi, perhaps at the cisternal unstacking stage [4] . However, it seems that none of these kinases is acting alone, and co-operation between them is crucial for regulating the Golgi during mitosis. Whether or not they are all essential regulators or whether they simply control the rate of disassembly requires further investigation. The initial fragmentation stage may also feed into some form of organelle checkpoint pathway, and one tempting speculation is that Plk1 is active in this process, since it plays an important role in the complex regulatory GAPDH [54] . GAPDH is also associated with the cytoskeleton, and it has therefore been proposed that, by modulating its membrane recruitment and phosphorylation state, Rab2 controls microtubule dynamics important for retrograde transport events in the early secretory pathway [54] .
CKs (casein kinases)
As discussed above, the tethering of ER to Golgi transport vesicles is mediated by the cytosolic factor p115 in conjunction with Rab1 and GM130. p115 is phosphorylated in its C-terminal domain by CK2 or a CK2-like enzyme, and this promotes its membrane binding and interaction with GM130 [55] . This regulation by CK2 is also needed for the reassembly of the Golgi at the end of mitosis, at least in vitro, where it enhances the p115-dependent interaction of the Golgi matrix proteins GM130 and giantin [55] . Whether or not this CK2-like enzyme is an essential component of the transport machinery and how it is regulated is unknown.
In addition to these functions, involvement of CK-like activities has also been reported in protein-sorting events at the TGN. Perhaps the best understood example is the role of CK2 in MPR (mannose 6-phosphate receptor) sorting, and we will therefore focus on this here. Two types of sorting adaptor, AP-1 (adaptor protein 1) and the GGAs (Golgi-localized, ␥-ear-containing, ARF-binding proteins) [56, 57] , co-localize in clathrin-coated buds enriched in the MPR at the TGN. Biochemical studies indicate that purified AP-1 contains an associated CK2 activity that phosphorylates GGA1 and GGA3 and this inhibits their MPR-binding activity [58] . This CK2 phosphorylation event may be important for the transfer of the MPR from GGAs to AP-1 and hence efficient sorting into vesicles [58] . An additional layer of regulation comes from CK2 phosphorylation of the MPR cytoplasmic domain, which is involved in the high-affinity binding of AP-1 to membranes [59] .
Src family kinases
Ras GTPases are important regulators of cell growth and differentiation, typically thought to act through activation of the protein kinase Raf1 at the plasma membrane. It is therefore of considerable interest that a pool of activated H-and N-Ras is generated at the Golgi in mitogenic signalling [60] . Activation of Ras at the Golgi requires the tyrosine kinase Src, a small pool of which can also be found at the Golgi [60] . Src appears to be mediating these effects through activation of phospholipase C␥, and downstream of this translocation of the Ras exchange factor, RasGRP1, to the Golgi [61] . The pool of activated Ras at the Golgi appears to be biologically significant, since, in assays for Ras activity, it was able to drive transformation of mouse fibroblasts, mediate radio-resistance of RIE-1 cells, and promote neuronal differentiation of PC12 cells [61] . Exactly why activation of Ras occurs at the Golgi, and the biological functions mediated by endogenous Ras at the Golgi still remain to be determined, but are clearly exciting areas for future research.
In addition to these effects on Ras signalling, Src family kinases appear to be important for other Golgi functions. In cells deleted for the three Src family kinases (Src, Fyn and Yes), the morphology of the Golgi is significantly altered, Kinases regulating Golgi apparatus structure and function 23 cisternae become swollen and the long-range organization of Golgi stacks is lost [62] . This phenotype is specifically due to the loss of Src, since it can be rescued by the expression of Src alone [62] . Furthermore, while expression of activated Src does not alter anterograde secretory traffic, it does cause a redistribution of the KDELR [62] , which is recycling between the ER and Golgi. Together, these findings suggest that events at the Golgi can be modulated by extracellular signals, via pathways involving Src and Ras activation.
Golgi function in cell polarization
PKD (protein kinase D) is a key regulator at the TGN Trimeric G-protein ␤␥-subunits have been known for some time to regulate vesicle formation events at the TGN [63, 64] , and, subsequently, it was shown that this is in part through the direct activation of PKD [65] . The group of Malhotra then went on to demonstrate that binding of PKD to diacylglycerol through its first cysteine-rich domain is necessary for its recruitment to the TGN [66, 67] , and for the scission of TGN-derived transport carriers destined for the plasma membrane in non-polarized cells [67, 68] .
The sorting and transport of proteins and lipids to specific plasma membrane domains is an important aspect of cell polarization, and a recent report has identified PKD as a key component required for efficient transport to the basolateral plasma membrane of polarized epithelial cells [69] . Whereas PKD1 had been shown previously to be required for protein transport from the TGN to the plasma membrane in non-polarized cells [65, 68] , the roles of the other PKD family members PKD2 and PKD3 in protein transport from the TGN to the cell surface had not been evaluated. Surprisingly, in polarized MDCK (Madin-Darby canine kidney) cells transport to the apical membrane measured using a variety of marker proteins was not influenced by expression of either wild-type or kinase-dead dominant-negative forms of PKD1 or PKD2. However, the dominant-negative forms of PKD1 and PKD2, but not PKD3, caused a dramatic decrease in the transport of the exogenous marker VSV-G (G glycoprotein of the vesicular stomatitis virus), as well as the endogenous markers ␤1-integrin and E-cadherin to the basolateral plasma membrane [69] . Interestingly, PKD2 caused an accumulation of basolateral cargo in the TGN, while PKD1 caused it to accumulate in cytoplasmic vesicles. A possible explanation for this observation is the different effects that these two PKDs have on localization of the exocyst complex member Sec6, which is important for basolateral traffic at the stage of docking with the plasma membrane [70, 71] . Overexpression of dominant-negative PKD1 caused an accumulation of Sec6 in the TGN, whereas this was not observed with PKD2 [69] . This suggests that PKD1 and 2 are involved in regulating transport of a subset of proteins with basolateral sorting information from the TGN to the basolateral membrane. PKD3 also appears to have a function in transport out of the TGN, but the relevant pathway in polarized cells has not yet been identified. The PKD family members therefore appear to function at the TGN in signalling events needed for vesicle scission and docking, cargo sorting and transport pathways relevant for establishment and maintenance of the polarized cell phenotype.
PKD and cell motility
Directional cell movement is a complex process that requires the delivery of membrane to the leading edge of the cell, and this is thought to involve polarization of the Golgi in the direction of cell migration [72] . The delivery of membrane to the leading edge of the cell from the Golgi has been proposed to promote a retrograde flow at the plasma membrane in migrating cells. A recent study has investigated the role of TGN to plasma membrane traffic in this membrane-delivery event, using dominant-negative PKD1 to block transport out of the TGN [73] (Figure 2) . As found previously, dominant-negative PKD1 causes tubulation of the TGN, as well as a block in VSV-G transport, and, furthermore, cell motility was reduced by a factor of two. However, if mutant forms of PKD1 unable to bind to membranes were used, VSV-G transport and cell motility were not affected [73] . This block in transport results in a cessation of retrograde membrane flow at the leading edge, which the authors postulate underlies the motility defect. Whether or not this reflects a role of PKD1 in polarized membrane delivery to the leading edge, perhaps similar to the function in basolateral delivery in polarized epithelial cells [69] , was not determined. A transport block exerted by a dominant-negative form of the GTPase Arf1 had similar effects on migration [73] , and this is expected to inhibit transport prior to sorting and exit from the TGN [74] .
Ste20 kinases and signalling at the Golgi in cell migration
Polarization of the Golgi accompanies changes in cell polarity and migration in response to extracellular signals [3, 72] , and we have recently investigated the role of Golgi-associated signalling pathways in these events in human cells [75] . Kinases of the Ste20 family were first identified in yeast as mutants unable to undergo cell polarization and hence mating. Two members of the human Ste20 family, YSK1 (yeast Sps1/Ste20-related kinase 1) and MST4 (mammalian Ste20 4), localize to the Golgi, via an interaction with the Golgi matrix protein GM130 [75] (Figure 2A ). This is reminiscent of the assembly of signalling complexes at the plasma membrane, since GM130 is part of a complex with GRASP65 that contains a membrane-targeting PDZ-like domain [76] . Furthermore, the interaction of YSK1 and MST4 with GM130 leads to activation of these kinases. A variety of experiments interfering with the function of these kinases revealed that they are required for both cell migration and polarization of the Golgi in the direction of migration in cultured fibroblasts [75] . In the case of YSK1, 14-3-3 was identified as a specific substrate localized at the Golgi [75] (Figure 2B ). The family of 14-3-3 proteins regulate the activity and localization of many different proteins involved in diverse cellular processes [77] . In the context of YSK1 signalling at the Golgi, 14-3-3 functions may include the quality control of multimeric membrane protein complexes at the cis-Golgi [78, 79] , phosphorylation-dependent integrin regulation [80, 81] , and the control of cell-polarity complexes including Par3/Baz [82] . It may also be relevant for the MAPK-controlled Golgi fragmentation, since 14-3-3 proKinases regulating Golgi apparatus structure and function 25
teins interact with Raf1 [83, 84] , which has been implicated in the control of MEK1 at the Golgi [32] . Interestingly, 14-3-3 proteins can be regulated by dimerization [85] , and 14-3-3 is phosphorylated by YSK1 in the region reported to be important for dimerization, providing a potential regulatory mechanism. Although this is a promising new area of kinase function at the Golgi, exactly which signalling pathways lie upstream of these Golgi-associated Ste20 kinases and their physiological functions, for example in all or only specific types of cell polarization and migration, remain to be uncovered. Golgi association of the Ste20 family kinase YSK1 (red), which co-localizes with the cis-Golgi matrix protein GM130 (green). DNA stained with DAPI (4,6-diamidino-2-phenylindole) is shown in blue in the merged image. (B) Cells receive directional inputs from the extracellular environment that lead to the activation of signalling pathways that are important for cell polarization and migration. At the Golgi, the Ste20 family kinases YSK1 and MST4 (only YSK1 is depicted for simplicity) bind to and are activated by the Golgi matrix protein GM130. Activated YSK1 phosphorylates 14-3-3, and possibly other substrates important for cell migration and polarization [75] . PAK4 is recruited to the Golgi by activated Cdc42 and regulates the actin cytoskeleton [87] . At the TGN, PKD family members contribute to the polarized delivery of specific cargo molecules to subdomains of the plasma membrane. In migrating cells, this delivery is required to establish a retrograde membrane flux at the cell surface needed for normal cell migration and polarization [73] .
Kinase regulation of actin at the Golgi
Evidence for a link between the Golgi and regulation of the actin cytoskeleton comes from studies on Citron-N in hippocampal neurons [86] , and the PAK (p21-activated kinase)-related kinase PAK4 [87, 88] . PAK4 is a binding partner for the Rho-family GTPase Cdc42, and activated mutants of Cdc42 trigger the recruitment of PAK4 to the Golgi [87] . Activated PAK4 can be detected at the Golgi with phospho-specific antibodies, and it causes the formation of filopodia by inducing actin polymerization [87] and transforms NIH3T3 cells [88] . A dominant-negative form of PAK4 has the opposite effect and can block Ras-induced cell transformation [88] . PAK4 therefore provides an exciting link between the Golgi, cell growth and morphogenesis.
The Citron gene encodes a kinase required for the control of cytokinesis in some tissues, and a brain-specific alternative transcript Citron-N. Citron-N is a Rho-binding protein localized at the Golgi of cultured hippocampal neurons [86] . Knockdown of Citron-N using antisense oligonucleotides or expression of a dominant-negative form unable to bind Rho causes dispersal of the Golgi, while expression of the wild-type protein protects it from changes induced by actin-depolymerizing drugs [86] . An explanation for these results comes from the findings that the C-terminal domain of Citron-N is a scaffold for a number of proteins linked with regulation of actin including the Rho kinase ROCKII (Rho-associated, coiled-coil-containing protein kinase 2), LIM (Lin-11, Isl-1 and Mec-3) kinase, profillin IIa, and p116 Rip [86, 89] . Citron-N therefore appears to provide a link between the Golgi and actin cytoskeleton in neurons.
Outlook and future directions
As we have discussed, there is mounting evidence for the regulation of protein-transport events at the Golgi and Golgi structure by protein kinases in both interphase and mitotic cells. However, as the recent discoveries related to PKD and Ste20 kinase function in cell polarization and migration show, there are probably still many aspects of kinase function at the Golgi to be uncovered. One of the key areas for further investigation is the need for the systematic identification of which substrates are being modified. This is clearly necessary for a fuller understanding of how kinases regulate Golgi structure and function. Another outstanding issue reflecting the current convergence of cell and developmental biology concerns the limitations of cell-biological approaches to kinase function. It is likely that Golgi-associated signalling pathways might have specific functions in specific tissues, and this is obviously an exciting area for future research.
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